In this study, to reduce the amount of pollutant PAH and soot in the flame, we examined the burner system equipped with a center air injection. For this purpose, by using PAH-LIF and soot LII, we evaluated relative PAH and soot amounts in both the triple port burner and the conventional co-axial burner (double port burner) to discuss effects of center air injection on the formation of PAH and soot. The fuel was propane. In the triple port burner, two different blue flames are observed near the burner rim, followed by bright luminous flames with soot. The flame length is longer when the fuel flow velocity is increased. On the other hand, the flame length is shorter with an increase in internal air flow velocity. As for PAH and soot, these amounts of the triple port burner are much smaller than those of the double port burner. For the triple port burner, due to the center air injection, the fuel consumption occurs in both inner and outer flames. On the other hand, for the double port burner, the oxygen is supplied from one side air, and as a result, the fuel consumption rate is relatively lower. Hence, by the center air injection, the fuel consumption is largely accelerated, resulting in the reduction of PAH and soot.
Introduction
In recent years, the worsening of environmental problems such as global warming and atmospheric pollution has been reported. One of the substances that cause atmospheric pollution is particulate matter including soot widely emitted from diesel vehicles, combustion furnaces, and other applications [1] . So far, we have examined the flame structure and emission characteristics of soot and NO x in the triple port burner [5] . Compared with a so-called co-axial burner, the contact area between fuel and air is larger due to the center air injection, which enables the promotion of both substances' admixture and reaction [8, 9] . In the triple port burner, there are two flames, inner and outer flames, which could reduce PAH and soot formations largely.
In this study, both PAH and soot are measured in the triple port burner. In order to visualize the PAH and soot regions with high resolution of time and space, a laser-induced fluorescence (LIF) technique was used to measure PAH, while a laser-induced incandescence (LII) technique was used to measure soot [4, 6, [9] [10] [11] [12] . We vary the flow rate of supplied fuel and air, thus investigating PAH and soot at different flow conditions. For comparative purposes, we use a conventional co-axial burner (in this paper, simply referred to the "double port burner").
Experimental Section

Triple Port Burner
In Figure 1 , a schematic of the triple port burner is shown. The internal air flow nozzle has an inner diameter of 74 mm (rim thickness of 1 mm), the fuel flow nozzle has an inner diameter of 88 mm, the external air flow nozzle has an inner diameter of 102 mm, and wire mesh filters, along with glass beads having diameters of 3 mm, are used to regulate the flow. Propane was used as fuel. The flow velocity of the center air jet (internal air flow velocity, U 1A ) and the fuel flow velocity of U 2F were varied. However, the external air flow velocity (U 3A ) was fixed at 18.4 cm/s. Here, we focused on attached flames. When the air flow velocity is largely increased, the flame is lifted at certain conditions [5] . Once the lifted flame appears, the soot formation is drastically changed due to the premixing effect, which is not treated in this paper. As for the coordinate system, r and z represent the radial and axial distances from the center of the burner exit.
For comparison, we examined the combustion characteristics of the double port burner. The fuel nozzle has an inner diameter of 44 mm (rim thickness of 1 mm), while the air flow nozzle has an inner diameter of 70 mm. In this case, the fuel nozzle has almost the same cross-sectional area as that of the triple port burner. As the fuel volumetric flow rate being identical for both burners, it is possible to compare results at the same fuel flow rate and the flow velocity. For the double port burner, the fuel flow velocity (U F ) was varied, whereas the air flow velocity (U A ) was constant at 18.4 cm/s, which was the same value of the external air flow velocity in the triple port burner. If the internal air flow velocity (U 3A ) is set to be zero, the flow condition of the triple port burner roughly corresponds to that of the double port burner. Thus, by comparing results of both burners, it is possible to reveal effects of the center air injection on the combustion field.
Measurement System
To detect PAH region, we used a laser-induced fluorescence (LIF) method. An experimental setup is shown in Figure 2 , which is similar to our previous OH-PLIF measurements [13, 14] . A pulsed laser was used to form a thin laser sheet for 2D imaging. A Nd:YAG-pumped dye laser was frequency doubled to 283 nm to excite PAH [6, 10] . The laser energy was about 10 mJ/pulse. The fluorescence signal from PAH is generally detectable for only tens of nanoseconds after laser excitation whereas LII signal from soot is detectable for hundreds of nanoseconds. The different temporal decay of the light emission process, coupled with interference filters, allows us to distinguish between PAH-LIF and soot LII signals [4, 11] , although these measurements were not simultaneous. The fluorescence from PAH was measured with a gated image-intensified CCD camera (Hamamatsu Photonics C8484), with a resolution of 1024 × 1024 pixels. In this measurement, the laser sheet thickness was about 400 µm, and the spatial resolution of the CCD camera was 23 µm. The camera lens was equipped with a narrow band-pass filter (FWHM = 10 nm) with the central wavelength at 450 nm [10] . The camera gate width was set to be 50 ns. The data deviation in PAH-LIF measurement as well as soot LII was within 10%.
For the light source of LII, the second harmonic (wavelength of λ = 532 nm) of a Nd:YAG laser (PRO-R10, manufactured by Spectra Physics) was used [10] [11] [12] . A laser sheet was passed through the flame to heat soot particles up to incandescence temperature [15] . A band-pass filter (FWHM = 10 nm) with the central wavelength at 400 nm was installed in front of ICCD camera [4, 10] . An appropriate delay time in the LII measurement was chosen to allow PAH signal to sufficiency decay. The image intensifier gate width was 50 ns in order to eliminate light emitted from the flame and background. Although the LII signal is proportional to soot volume fraction [6, 12, 15, 16] , we discussed the PAH and soot amounts based on raw signals.
Figure 2.
A setup for PAH-LIF system is shown. A Nd:YAG-pumped dye laser was used to form a thin laser sheet for 2D imaging. Figure 3 shows direct photographs of flames formed in the triple port burner. In this case, the internal and external air flow velocities were fixed at U 1A = 19.4 cm/s and U 3A = 18.4 cm/s, while the fuel flow velocity was varied for U 2F = 1.2, 2.0, and 2.8 cm/s. Exposure time was 1/500 s and the diaphragm was F2.8. For all cases, the flickering flames are formed due to buoyancy effects [6] , and very bright luminous flames are observed. The flame length is expectedly longer when the fuel flow velocity is increased. Two blue flames are recognized near the burner rims between fuel and air nozzles, which are not clear in these photographs. Later, the slice image across the luminous flame zone obtained by PAH-LIF and soot LII will be shown.
Results
Appearance of Flame
Here, the flame length was examined. It corresponds to the luminous flame height, defined as the distance on the center-axis from the burner exit to the point where the flame luminosity is no longer visible to the eye [17] . The averaged values using 5 direct photographs are shown in Figure 4 . The internal air flow and fuel flow velocities are changed, while the external air flow velocity was fixed at U 3A = 18.4 cm/s. As seen in Figure 3 , as the fuel flow velocity is increased, the flame is longer. On the other hand, as the internal air flow velocity is increased, the flame length is shortened. This tendency well corresponds to our previous numerical simulation [8] . Figure 5a shows a PAH-LIF image using the triple port burner, which is a single-shot fluorescence image. The flow velocities were U 1A = 19.4 cm/s, U 2F = 2.8 cm/s, and U 3A = 18.4 cm/s. For comparison, the LII image at the same condition is shown in Figure 5b . These image areas are in the range of 28 mm ≤ r ≤ 52 mm and 8 mm ≤ z ≤ 32 mm, where the fuel port is located at 38 mm ≤ r ≤ 44 mm at z = 0 mm. It is seen that the PAH region is of approximately 3 mm thickness. There are two separate PAH regions in the upper stream, but they are merged downstream. Outside the PAH region, two separate soot regions are observed. By comparing PAH and soot images, it is further found that PAH only exists along the fuel side of the soot region.
PAH and Soot Profiles
To discuss PAH and soot profiles, these radial distributions are compared. Since the flame fluctuates, the averaged profiles are obtained using 100 images. Figure 6 shows the radial distributions of PAH-LIF and soot LII signals at z = 20 mm. In Figure 5 , the axial position in Figure 6 is shown by a dotted line. These profiles are normalized by each maximum signal. It is found that PAH region is mainly observed within two soot peaks of the LII signal. This could be explained by the fact that PAH is a precursor substance of soot, with PAH forming at an earlier stage than soot particle growth. Indeed, PAH was detected near the fuel port in Figure 5 , whereas soot was not observed in this region. 
PAH and Soot Amounts
To make clear the PAH and soot amounts in the triple port burner, PAH and soot signals of triple and double port burners were compared at the same fuel supply rate. The fuel flow velocity was U 2F = U F = 2.62 cm/s, and the external air flow velocity was U 3A = U A = 18.4 cm/s. The internal air flow velocity was varied at U 1A = 9.27, 17.0, 26.9 and 39.4 cm/s. Since two diffusion flames are formed in the triple port burner, the total amounts of PAH and soot should be considered. Based on the assumption of the axisymmetry, PAH and soot amounts were evaluated using the following equation.
( 1) where I is the PAH-LIF or soot LII signal, and V represents the whole volume where these signals were detected. Figure 7 shows the integrated PAH-LIF signal for estimating PAH amount. It is the averaged value of 100 images. In this figure, results of the double port burner are also plotted. It is seen that, even at the same fuel flow velocity, the total PAH of the triple port burner is much lower than that of the double port burner. Interestingly, in the triple port burner, the amount of PAH is reduced by increasing the internal air flow velocity. Since we counted the total PAH in the whole area where PAH exists, the reduction of PAH is not caused by the dilution of internal air flow.
In the same manner, the total soot amounts of both burners were evaluated. Figure 8 shows the integrated LII signals. The conditions are the same in Figure 7 . Similarly, the total soot of the triple port burner is smaller. Therefore, the higher internal air flow velocity results in the shorter flame length, which reduces residence time. This could also contribute to the reduction of PAH and soot. It is reasonable to expect that, to some extent, there should be a correlation between PAH and soot amounts, because PAH is a precursory substance of soot. That is, the soot amount could be partially proportional to the PAH amount. In order to make clear the above expectation, we assume the following formula. To evaluate the exponential factor of n, natural logarithms of both integrated signals are plotted in Figure 9 . Based on the linearity of the red line, the exponential factor is approximately 1.6. It should be noted that soot formation is comprised of four major processes: homogeneous nucleation of soot particles, particle coagulation, particle surface reactions (growth and oxidation), and particle agglomeration [18] [19] [20] . Since the production of soot is explained by the detailed chemistry, the value of n represents the strength of correlation between soot and PAH, not the two-body chemical reaction. Simply, it is considered that the soot amount decreases through the reduction of PAH. 
Discussion
In this section, the present experimental results are discussed based on the results of numerical simulation. In our previous study, we have simulated the flame in the triple port burner. The same numerical model [5, 8] was used, except for the reaction scheme. Here, an over-all one step reaction mechanism for non-premixed propane-air flame was adopted [21, 22] . At first, the flame shape obtained by the numerical simulation is shown in Figure 10 . They are the instantaneous heat release rates. U 1A are 3.9, 19.4, and 31.0 cm/s, with the fixed fuel flow velocity of U 2F = 2.8 cm/s. For comparison, direct photographs of the flame at these conditions are shown in this figure. In the simulated reaction profile, it is seen that two flame zones are recognized due to the center air injection inside the fuel flow. The flame height determined by the luminous flame zone is already shown in Figure 4 , ensuring that the flame length is qualitatively predicted by the simulation.
Next, based on the numerically predicted combustion field, we discuss the difference between the triple port burner and the double port burner. The axial profiles of the reaction rate are shown in Figure  11 . Each profile is an example of the instantaneous one obtained by the simulation. Due to the flickering, the spatial profile of the reaction rate fluctuates. To discuss the fuel consumption rate toward the downstream, the maximum value at each axial coordinate is plotted. It should be noted that, the over-all one-step reaction was adopted in the simulation [8] . Thus, the reaction rate is equivalent to the molar fuel consumption rate. In the case of the triple port burner, the internal air flow velocity was set at U 1A = 3.9, 19.4, 31.0 cm/s. To discuss the behaviors of inner and outer flames, the reaction rates of As for the outer flame as well as the inner flame, the reaction rate gradually decreases downstream. The reaction rate of the inner flame in Figure 11b becomes lower by reducing U 1A . Expectedly, independent of U 1A , the reaction rate of outer flame is almost the same, except for z > 100 mm at U 1A = 3.9 cm/s. In this case, since the internal air flow velocity is small, oxygen in the internal air flow is easily consumed; the inner flame vanishes around z = 100 mm (see Figure 10a) . Resultantly, at z > 100 mm, the reaction rate of the outer flame is close to that of the double port burner. It seems very reasonable, because oxygen is supplied from one side air flow in the double port burner, forming one diffusion flame. Therefore, in the case of the triple port burner, the center air injection accelerates the fuel consumption, resulting in the shorter flame length.
To confirm the above discussion, the maximum fuel mass fraction at each axial coordinate is examined. The simulation results are shown in Figure 12 . The profile of the double port burner is also plotted. Since the fuel is consumed only in one diffusion flame, the fuel concentration of the double port burner is much higher. On the other hand, in the case of the tripe port burner, the extremely large reduction of fuel concentration is observed, which is caused by the fuel consumption in both inner and outer flames. Moreover, even at the same external air flow velocity, the fuel consumption is promoted by increasing U 1A , which well corresponds to the flame length in Figure 4 . Hence, the center air jet plays an important role for the promotion of fuel consumption. Resultantly, in comparison with the double port burner, amounts of PAH and soot are largely reduced. 
Conclusions
In this study, by using PAH-LIF and soot LII, we examined relative PAH and soot amounts of the triple port burner and the conventional co-axial burner (double port burner). Here, we focused on the attached flames. We varied the flow conditions of supplied fuel and air. The following conclusions were drawn.
(1) In the triple port burner, two different blue flames are observed near the burner rim, followed by the bright luminous flames with soot. The flame length determined by the luminous flame zone is longer when the fuel flow velocity is increased. On the other hand, the flame length is decreased with an increase in the internal air flow velocity; (2) Two separate PAH and soot regions are observed. PAH exists between two soot regions, because PAH is a precursor substance of soot. Amounts of PAH and soot of the triple port burner are much smaller than those of the double port burner. Based on the correlation between PAH and soot, the exponential factor turns to be 1. z (mm) (3) Since the fuel is consumed only in one diffusion flame, the fuel consumption rate of the double port burner is relatively lower. On the other hand, in the case of the tripe port burner, the fuel consumption is largely promoted, because two air flows are supplied to form inner and outer flames. Moreover, even at the same external air flow velocity, the fuel consumption is promoted by increasing the internal air flow velocity, resulting in the shorter flame length. Hence, the center air jet plays an important role for the promotion of fuel consumption. As a result, in comparison with the double port burner, amounts of PAH and soot are largely reduced.
